The proepicardium (PE) is a transient structure that forms at the venous pole of the embryonic vertebrate heart. This cardiac progenitor cell population gives rise to the epicardium, coronary vasculature, and fibroblasts. In the chicken embryo, the PE displays left-right (L-R) asymmetry and develops only on the right side, while on the left only a vestigial PE is formed, which subsequently gets lost by apoptosis. In this study, we analyzed how the L-R asymmetry pathway affects PE formation. Experimental manipulation of left-side determinants such as Shh, Nodal, and Cfc as well as forced expression of Pitx2 had no effect on the sidedness of PE development. In contrast, inhibition of early-acting regulators of L-R axis formation such as H ؉ /K ؉ -ATPase or primitive streak apoptosis affected the sidedness of PE development. Experimental interference with the right-side determinants Fgf8 or Snai1 prevented PE formation, whereas ectopic left-sided expression of Fgf8 or Snai1 resulted in bilateral PE development. These data provide novel insight into the molecular control of asymmetric morphogenesis suggesting that also the right side harbors an instructive signaling pathway that is involved in the control of PE development. This pathway might be of general relevance for setting up L-R asymmetries at the venous pole of the heart. left-right asymmetry ͉ Tbx18 ͉ Pitx2 ͉ venous pole morphogenesis T he left-right (L-R) axis controls asymmetric organogenesis in vertebrates (1-3). In lower chordates, Xenopus, and chick, breaking of the initial bilateral body symmetry involves the asymmetric distribution of ion channels and transporters, resulting in the development of membrane potential differences between the left and right body side, which may drive an asymmetric transport of small molecules through gap junctions (4, 5). In mammals, Xenopus, and zebrafish, ciliated cells in the organizer generate a fluid flow to the left that transports L-R determinants (6). In mammals, this nodal flow is believed to be the sole mechanism by which L-R asymmetry is initiated (7). In the chicken embryo, asymmetric gene expression in Hensen's node of gastrula stage embryos is an important intermediate step of establishing L-R asymmetry (2). Shh, for example, is asymmetrically expressed on the left side of Hensen's node and induces Nodal expression in a small left-sided domain adjacent to Hensen's node (8). Nodal establishes a large expression domain in the left lateral plate mesoderm (LPM) and induces the expression of Pitx2, a homeobox gene of the bicoid class (7). Pitx2 determines morphological L-R asymmetries in most organ systems (9-12) via modulation of cell-cell adhesion, cell morphology, extracellular matrix composition, spindle orientation, and cell proliferation (13-15).
T
he left-right (L-R) axis controls asymmetric organogenesis in vertebrates (1) (2) (3) . In lower chordates, Xenopus, and chick, breaking of the initial bilateral body symmetry involves the asymmetric distribution of ion channels and transporters, resulting in the development of membrane potential differences between the left and right body side, which may drive an asymmetric transport of small molecules through gap junctions (4, 5) . In mammals, Xenopus, and zebrafish, ciliated cells in the organizer generate a fluid flow to the left that transports L-R determinants (6) . In mammals, this nodal flow is believed to be the sole mechanism by which L-R asymmetry is initiated (7) . In the chicken embryo, asymmetric gene expression in Hensen's node of gastrula stage embryos is an important intermediate step of establishing L-R asymmetry (2) . Shh, for example, is asymmetrically expressed on the left side of Hensen's node and induces Nodal expression in a small left-sided domain adjacent to Hensen's node (8) . Nodal establishes a large expression domain in the left lateral plate mesoderm (LPM) and induces the expression of Pitx2, a homeobox gene of the bicoid class (7) . Pitx2 determines morphological L-R asymmetries in most organ systems (9-12) via modulation of cell-cell adhesion, cell morphology, extracellular matrix composition, spindle orientation, and cell proliferation (13) (14) (15) .
A right-sided regulatory cascade of gene expression is also initiated in Hensen's node including Bmp4 that induces asymmetric expression of Fgf18 and Fgf8 on the right side (16) (17) (18) . It is believed that the right side does not initiate its own sidespecific morphogenetic program but that Fgf8 induces Snai1, a zinc finger repressor that prevents the right lateral plate mesoderm from assuming left-sided identity through inhibition of Pitx2 (19) .
At the venous pole of the embryonic heart, a progenitor cell population is formed, which is termed the proepicardium (PE). The PE cells colonize the developing heart via the formation of a secondary tissue bridge and differentiate into a variety of cell types including the epicardium, the cardiac interstitium, and the coronary vasculature (20) . In the chick and frog embryo, the PE only forms on the right side of the embryo (21) (22) (23) . Therefore, in these species several PE-marker genes normally display a bilaterally asymmetric expression, being strongly expressed on the right and only weakly on the left side (23) . The vestigial PE that forms on the left body side ultimately undergoes apoptosis and never establishes contact to the heart (22) .
In this study we have tested whether the bilaterally asymmetric development of the chicken PE is controlled by the L-R pathway. In contrast to many other aspects of asymmetric organ formation, we have found that PE development is not affected by the left-sided Nodal/Pitx2 pathway. However, interfering with earlier acting processes of L-R determination, such as asymmetric ion-f lux or preventing cell death during early primitive streak formation, randomizes sidedness of PE development. Therefore, we reasoned that a Nodal/Pitx2-independent pathway exists that determines asymmetric PE formation in avians. We show here that this morphogenetic pathway involves Fgf8 and Snai1. Interfering with right-sided Fgf8 and Snai1 prevented PE development, while ectopic expression of Fgf8 or Snai1 on the left side induced bilateral PE formation. These data suggest that both the left and the right body side generate morphogenetic signaling pathways important for asymmetric organ morphogenesis.
Results

Tbx18 Normally Displays Bilateral L-R Asymmetric Expression During
PE Development in the Chicken Embryo. Tbx18 expression was used throughout our experiments as a PE-specific marker gene (22, 23) . At Hamburger Hamilton (HH) stage 12 and 13, a Tbx18 expression domain was found on the right sinus horn but was absent on the left sinus horn [supporting information (SI) Fig.  S1 ; (23) ]. At HH stage 15, the Tbx18 expression domain on the right side had increased in size, while on the left side a small Tbx18 expression domain became visible (Fig. S1) . A 3D reconstruction analysis revealed that the volume of Tbx18 positive PE cells on the right vs. left side differed by more than 3-fold ( Fig. 2 E and F) . At subsequent stages, the right PE makes contact to the ventricle resulting in the transfer of epicardial cells to the surface of the myocardium (22) . The left side, on the other hand, never makes contact to the heart and gets lost through apoptosis. Thus, in normally developing chick embryos there are temporal, quantitative, and qualitative differences in PE development between the left and right body sides.
The Nodal-Pitx2 Pathway Does Not Control L-R Asymmetric PE Development. Pitx2 is expressed in the left sinuatrial region but is absent from the right (24) and was used in most of our experiments to identify tissues with left-sided molecular identity. To analyze the signaling pathways that govern asymmetric development of the chicken PE, we first asked, whether sidespecific PE development is the result of left-sided suppression by the Nodal-Pitx2 pathway. In a first set of experiments, we induced ectopic right-sided expression of the Nodal-Pitx2 pathway by implantation of Shh-expressing cells on the right side of Hensen's node at HH stage 4 (Fig. 1A) . A total number of 61 embryos underwent implantation at HH stage 4 and were subjected to double-color whole mount in situ hybridization for Pitx2 and Tbx18 at HH stage 12. Nine (15%) of the 61 experimental embryos had bilateral Pitx2 expression domains and all of them displayed the normal right-sided Tbx18 expression pattern ( Fig. 1 B-D and L; Table S1 ).
We next implanted beads soaked with Nodal protein (1 g/l) into the right LPM of cultured embryos at HH stage 6/7. To confirm the effectiveness of this procedure, a first set of 24 Nodal-treated embryos was scored for Nodal expression at HH stage 8/9. From these embryos, 10 (42%) displayed an ectopic right-sided Nodal expression domain, while 14 (58%) embryos displayed a left-sided Nodal domain (Fig. 1 E-G, and L; Table  S1 ). A second set of 21 Nodal-treated embryos then was scored for Tbx18 expression at HH stage 12. All of these 21 embryos showed the normal right-sided Tbx18 expression pattern ( Fig. 1 H and L; Table S1 ).
Loss of Cfc, a chick member of the EGF-CFC family of competence factors for Nodal signaling, disrupts the midline barrier formation due to a transient loss of Lefty expression resulting in bilateral expression of Nodal and Pitx2 (25, 26) . We thus decided to manipulate the Nodal-Pitx2 pathway additionally by treating embryos with antisense Cfc oligonucleotides. From 48 antisense Cfc-treated embryos, 16 (33%) displayed bilateral Pitx2 expression at HH stage 12 ( Fig. 1 I-L , Table S1 ). However, despite this effect on Pitx2 expression, all of the antisense Cfc oligonucleotide-treated embryos showed a normal right-sided Tbx18 expression pattern.
To finally rule out any direct contribution of Pitx2 to asymmetric PE development, a chick Pitx2a-RCAS construct was electroporated into cardiac progenitor cells residing at HH stage 3 in the primitive streak. To follow the fate of the transfected cells during further development, a CAG-GFP reporter gene was coinjected ( Fig. 1 M-O) . Due to this manipulation Pitx2 was bilaterally expressed in the entire inflow region; however Tbx18 expression was not affected (n ϭ 14; Fig. 1P , Table S1 ). We conclude that a left-sided suppression of PE development via the Nodal-Pitx2 pathway is therefore unlikely to be the mechanism that is responsible for the generation of L-R asymmetry of PE development.
Asymmetric PE Development Depends on Regulators of L-R Axis
Formation That Act Upstream of the Nodal-Pitx2 Pathway. In the primitive streak of early gastrulating chick embryos, an asymmetric membrane potential difference is present, which is involved in establishing L-R asymmetry (4) . To test whether asymmetric PE development depends on L-R determining processes upstream of the Nodal-Pitx2 pathway, chick embryos were treated at HH stage 3 with omeprazole, an antagonist of the H ϩ /K ϩ -ATPase pump, which is involved in the generation of the asymmetric membrane potential (4) . From a total number of 64 treated embryos, 38 (59%) showed normal left-sided Pitx2 expression at HH stage 12 (Table S2) . Of the remaining 36 embryos, 7 (11%) displayed right-sided Pitx2 expression, 9 (14%) bilateral, and 10 (16%) complete absence of Pitx2 expression ( Fig. 2 A-D , Table S2 ). Omeprazole treatment also affected Tbx18 expression, which was complementary to that of Pitx2 ( Fig. 2 A-D ; Table S2 ). Thus, those embryos with an absence of Pitx2 expression displayed bilateral Tbx18 expression, while embryos with a right-sided Pitx2 expression domain had a left-sided Tbx18 domain. Although we have shown that Pitx2 does not control Tbx18 expression, and that Pitx2 expression can be experimentally altered without affecting Tbx18, in this particular set of experiments the sidedness of both expression domains appeared to be coupled, suggesting the presence of a shared regulatory input that is active during early primitive streak formation. The primitive streak demarcates the midline border between the left and right side of the early gastrulating embryo and cells do not mingle between sides (27) . It has been shown that this midline border functions as a signaling barrier important for the establishment of L-R asymmetries (28) . Extensive apoptosis of cells residing in the primitive streak probably contributes to the establishment of this signaling barrier. Experimental inhibition of primitive streak apoptosis results in aberrant L-R development (28) . We studied the effects of blocking midline apoptosis at the primitive streak stage on Tbx18 expression at the venous pole of the heart. A total of 22 embryos were treated with the Caspase family inhibitor benzyloxycarbonylval-ala-asp (OMe) f luoromethylketone (z-VAD-FMK) during primitive streak formation (HH stages 3-4) and cultured until HH stage 15 when they were subjected to f luorescent in situ hybridization analysis of Tbx18 expression (Fig. 2 E-H , Table  S2 ). Thirteen embryos (59%) showed normal right-sided dominant Tbx18 expression while 9 (41%) displayed bilateral symmetric Tbx18 expression. Since at HH stage 15 the left side also displays a small Tbx18 expression domain (Fig. S1D) , the volume of the right and left Tbx18 expression domain was determined after 3-D reconstruction (Fig. 2 F and H) . In control embryos (n ϭ 3), the right Tbx18 expression domain had a volume of 3 ϫ 10 Ϫ4 mm 3 and that of the left side was 9 ϫ 10 Ϫ5 mm 3 . In embryos with bilateral Tbx18 expression domains (n ϭ 3), equally sized expression domains of 2.8 ϫ 10 Ϫ4 mm 3 volume were found. Thus, we conclude that midline apoptosis is an important determinant for generating asymmetric PE development. Table S3 ). Corresponding to omeprazole treated embryos, a complementary expression pattern of Pitx2 and Tbx18 was observed: i.e., those embryos with bilateral Pitx2 expression domains displayed an absence of Tbx18, whereas embryos with left-sided Pitx2 expression displayed right-sided Tbx18 expression. To further corroborate the concept that Fgf8 is involved in the induction of right-sided PE development, we implanted beads soaked in FGF8 protein on the left side of Hensen's node of embryos at HH stage 4/5. It has been previously reported that ectopic Fgf8 represses the expression of Nodal and Pitx2 (16) . In our experiments ectopic left-sided FGF8 repressed Pitx2 expression in 10 out of 16 (62%) embryos, while 6 out of 16 (38%) embryos retained normal left-sided expression. (Fig. 3 D-F , Table S3 ). Those embryos with a loss of Pitx2 displayed bilateral Tbx18 expression and specimen that retained a left-sided Pitx2 domain displayed right-sided Tbx18 expression. We additionally analyzed the expression of Wt1, another PE marker gene (23) . Fgf8 induced ectopic left-sided Wt1 expression in 9 out of 14 embryos (64%), while only 5 out of 14 embryos maintained the normal right-sided expression domain (Fig. 3 G-I , Table S3 ). These data suggest the existence of a right-sided signaling cascade involving Fgf8 that is upstream of asymmetric PE formation in the chicken embryo.
Snai1 Induces PE Development on the Right Side of the Embryo. It has been previously shown that in the chicken embryo Fgf8 induces the transcriptional repressor Snai1, which represses Pitx2 in the right lateral plate mesoderm (16, 19) . Starting at HH stage 6, Snai1 is expressed in the right lateral plate mesoderm (29) . Expression in the right inflow tract region persists until HH stage 11, and thus expression disappears only shortly before PE marker gene expression starts to appear (29) (Fig. S2) . To test the role of Snai1 in PE formation we treated embryos with antisense Snai1 oligonucleotides. Expression of Tbx18 was lost by antisense treatment in 17 out of 24 (71%) embryos demonstrating that Snai1 indeed plays a role in asymmetric PE development (Fig. 3 Table S3 ). The role of Snai1 was also tested by a gain-offunction experiment employing electroporation of Snai1 into the left lateral plate mesoderm. We analyzed the expression of Tbx18 and Wt1 in the electroporated embryos (Fig. 3 M-R 
J-L,
Discussion
The PE is a bilaterally paired structure that undergoes asymmetric development in the chicken embryo (21) (22) (23) . Our present data show that the bilaterally asymmetric PE formation in the chick is a process that is controlled by the L-R pathway. We have shown here that this process depends on early-acting determinants of L-R axis development such as the establishment of membrane potential differences in the primitive streak and on the establishment of a signaling barrier between the right and left epiblast halves through midline apoptosis (Fig. 4) . Subsequent to these early-acting processes, Hensen's node becomes asymmetric and side-specific expression domains of Shh on the left and Fgf8 on the right are established. Our data show that the right side-specific genes Fgf8 and Snai1 are required for PE formation, whereas the left side-specific factors Shh, Nodal, or Pitx2 are not required. The Fgf8-Snai1 pathway induces directly or indirectly genes that demarcate PE formation (Tbx18, Wt1, and others).
Currently we do not know, whether Pitx2, which is expressed in the left sinus horn, is involved in later aspects of PE development such as the induction of apoptosis in the PE anlage that develops on the left body side. Bilaterally asymmetric PE development is not a peculiar feature of the chicken embryo but appears to be widely distributed among vertebrates and is probably a prerequisite for transferring PE cells via a tissue bridge to the myocardial surface. PE formation in Xenopus is found to be exclusively right-sided (21) . In lamprey and dogfish embryos both body sides generate equal-sized PEs; however only the right sided PE establishes contact with the heart surface via a tissue bridge (30) . In contrast, PE development in mice appears to proceed in a bilaterally symmetric fashion so that both PEs deliver progenitor cells to the developing heart (22, 31) .
The difference in PE formation between mouse and chick embryos might be reflected by differences in the function of Fgf8, which is a determinant of the right side in the chick, whereas Fgf8 mediates left-sided identity in mice (32, 33 ). Snai1 appears to be an important determinant of left-right asymmetry in both mouse and chick (34) . In both species, asymmetric expression in the right lateral plate mesoderm has been observed; however the precise role of Snai1 in either species is poorly defined (19) . At present it is unclear how many intermediate steps are between Snai1 and PE formation. Expression of PE marker genes at the venous pole of the heart are first seen at HH stage 11 (Tbx18) and HH stage 13 (Wt1) (23) . However, the fact that Snai1 expression is present in the right sinus horn at HH stage 11, shortly before Tbx18 expression begins, suggests that Snai1 possibly directly inf luences PE formation. The limited spatial overlap of the expression domains of ectopic or endogenous Snai1 and PE marker genes is however suggestive of a noncell autonomous mechanism. Further work is required to elucidate how Snai1 affects PE marker gene expression.
In several of our above-mentioned experiments, we observed a strictly complementary expression pattern of Tbx18 and Pitx2. However, since the experimentally induced ectopic expression of Pitx2 did not affect Tbx18 expression at the venous pole of the heart, we could rule out that Pitx2 had any direct inf luence on Tbx18 expression. In a recent study on gut rotation in the chicken embryo, asymmetric right-sided Tbx18 expression with complementary left-sided Pitx2 expression was found in the dorsal gut mesentery (13) . In contrast to our data, however, Pitx2 was found to repress Tbx18 expression at this location. The difference between these and our data might ref lect differences in the control of asymmetric Tbx18 expression between the developing gut and the venous pole of the heart. Recent data from mice have shown that bilaterally asymmetric sinus node formation on the right side of the inf low tract is the result of Pitx2-mediated suppression of development of a left-sided sinus node primordium (35) . Assuming that sinus node formation in the chick is also under control of Pitx2, while PE formation is not, would suggest that cardiac inf low tract formation is complex and involves independently acting regulatory modules (36) . In mice, several aspects of asymmetric morphogenesis are independent of Pitx2 and include heart looping and positioning of the stomach and spleen, as well as embryo turning (37) . Interestingly, both heart looping and embryo turning are abnormal in the Snai1 knockout (34) and thus a right-sided signaling cascade may also exist in mammals.
Experimental Procedures
Generation of Cell Aggregates and Bead Preparation. Cells of the chicken embryonic fibroblast cell line DF1 (ATCC) were transfected with RCAS-BP(A) constructs encoding Shh (38), FGFR1-FC, encoding the extracellular domain of mouse FGFR1 (splice isoform IIIc), and FGFR2-FC, encoding the extracellular domain of mouse FGF-receptor 2 (splice isoform IIIb), both fused to the FC-fragment of mouse IgG (39); FGFR4-FC encoding the extracellular domain of quail FGFR4 fused to the FC-fragment of human IgG (40) or alkaline phosphatase (41) . Heparin acrylic beads (Sigma) were washed 3 times in PBS and incubated for 1 h in 1 g/ml Nodal or 0,5 g/ml FGF8b (R&D Systems) (16, 42) .
Embryo Manipulation. White Leghorn eggs (Lohmann) were incubated until the desired stage was reached (43) . The chicken embryos were explanted and cultured according to the EC culture method (44) . Virus-infected cell aggregates and growth factor-loaded beads were implanted adjacent to Hensen's node or into the lateral plate mesoderm. To interfere with FGF signaling, aggregates of DF-1 cells, which coexpressed FGFR1-FC, FGFR2-FC, and FGFR4-FC (39, 40) , were implanted on the right side of the node at HH stage 5. The Cfc antisense and control oligonucleotides were diluted in Pluronic Gel (Sigma) to a final concentration of 20 M and applied onto Hensen's node as previously described (25) . Snai1 antisense and control oligonucleotides (19) were diluted in Pluronic Gel to a final concentration of 60 M and applied to right lateral plate mesoderm. The proton pump inhibitor omeprazole was diluted in egg albumin to a final concentration of 56 M containing less than 0.2% DMSO. Explanted embryos were incubated in this solution until they had reached HH stage 5. The apoptosis inhibitor Z-VAD-FMK at a final concentration of 10 M was applied to the embryo via injection onto the blastodisc in ovo as previously described (28) . Z-VAD-FMK-treated embryos were explanted at HH stage 5. After being washed with PBS, embryos were transferred to an EC culture plate and incubated until HH stage 12/13 (omeprazole) or HH stage 15 (Z-VAD-FMK). Cells within the primitive streak were electroporated with Pitx2a-RCAS (45) or a chick Snail1-pcDNA3 construct (46) . To visualize the electroporated cells, an eGFP reporter construct (pCAGGS-GFP) was used (47) . For electroporation of cultured embryos 2-4 g/l DNA was injected into the primitive streak or the left-sided mesoderm adjacent to the streak. Subsequently, 4 pulses of 10 -30 V with a pulse length of 20 -50ms and a pulse interval of 200 -500ms using a Tss20 Ovodyne electroporator were applied to the embryo.
Nonradioactive in Situ Hybridization and 3-D Reconstruction. Whole mount in situ hybridization was performed as previously described (48) . Antisense RNA probes for chicken Tbx18, Nodal, Wt1, Snai1, and Pitx2 were generated from full-length cDNA clones (8, 23, 46, 49) . Double color whole mount in situ hybridization was performed as previously described (50) . BCIP/NBT (Roche) and Fast Red (Roche) were used as substrates. Fluorescent in situ hybridization (FISH) was performed using the Tyramide Signal Amplification (TSA) system (Perkin-Elmer) (51) . A 3D reconstruction of gene expression was done with the Amira 3.0 software as previously described (52) . Quantitative data were analyzed using Student's t test. Statistical significance was set at P Ͻ 0.05.
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